Optical U BV RI photometry and low resolution spectroscopy of the type IIb supernova SN 2011dh in M51 are presented, covering the first year after the explosion. The light curve and spectral evolution are discussed. The early phase light curve evolution of SN 2011dh is very similar to SN 1993J and SN 2008ax. In the late phase, however, SN 2011dh declines faster than SN 1993J. The late phase decline in the B-band is steeper than in the R and I bands, indicating the possibility of dust formation. With a peak V -band absolute magnitude of M V = −17.123 ± 0.18 mag, SN 2011dh is a marginally faint type IIb event. The reddening corrected colour curves of SN 2011dh are found to be redder than other well studied type IIb supernovae. The bolometric light curve indicates ∼ 0.09 M ⊙ of 56 Ni is synthesized during the explosion. The HeI lines were detected in the spectra during the rise to maximum. The nebular spectra of SN 2011dh show a box shaped emission in the red wing of the [OI] 6300-6363Å feature, that is attributed to Hα emission from a shock excited circumstellar material. The analysis of nebular spectra indicates that ∼ 0.2 M ⊙ of oxygen was ejected during the explosion. Further, the [CaII]/[OI] line ratio in the nebular phase is ∼ 0.7, indicating a progenitor with a main sequence mass of 10-15 M ⊙ .
INTRODUCTION
Core-collapse supernovae result from the violent death of massive stars with initial masses greater than 8 M⊙. Considerable diversity is observed in the photometric and spectroscopic properties of these objects, leading to their classification into various classes. The core collapse supernovae that show the presence of strong hydrogen lines in their spectra close to maximum light are designated as type II. The hydrogen deficient core collapse supernovae are designated type Ib or type Ic based on the presence, or absence of helium lines, respectively, at light maximum. A further subclassification of type II supernovae into type IIP (long plateau in the light curve) and type IIL (linear decline after peak brightness) is done based on their light curves. However, there are some transitional events e.g. SN 1987K (Filippenko 1988) , SN 1993J (Prabhu et al. 1995 , Barbon et al. 1995 , SN 2008ax (Pastorello et al. 2008 , Chornock et al. 2011 , whose spectra at the early phase are dominated by H lines, very similar to the type II supernovae, but in the later phases, their spec-⋆ E-mail : dks@iiap.res.in (DKS) † E-mail : gca@iiap.res.in (GCA) tra are dominated by He lines, similar to the type Ib events. Because of their simliarity with type II supernovae in the early phase and later exhibiting properties of type Ib supernovae, these transitional objects are classified as type IIb supernovae (Woosley et al. 1987) . The number of supernovae identifed as IIb events is limited, although recently these objects gained greater interest as they provide a link between the hydrogen rich type II (type IIP and type IIL) supernovae and the hydrogen deficient type Ib and Ic objects. The type Ib, Ic and IIb supernovae are collectively known as stripped envelope core-collapse supernovae (CCSNe).
There is a growing consensus that the observed diversity in the properties of core-collapse supernovae is due to the state of the progenitor star's hydrogen and helium envelopes at the time of explosion (Filippenko 1997 , Heger et al. 2003 , Gal-Yam et al. 2007 ). The subclassification of core-collapse supernovae can be represented in the form of a sequenceIIP→IIL→IIb→Ib→Ic, and can possibly be interpreted as a sequence of stripping of the H envelope. The progenitors of type IIP supernovae retain most of the H envelope, while the progenitor stars that lose almost all of the H envelope and retain only a very thin layer of H at the time of explosion produce the type IIb events. The progenitors that have lost their entire hydrogen envelope produce the type Ib and those that have been stripped off hydrogen and most of their helium result in type Ic supernovae. In fact, detailed modeling of type IIb supernovae have shown that their observed light curves can be reproduced well using helium stars with a very thin hydrogen envelope .
In a few cases, progenitors of nearby core-collapse supernovae have been identified in the high resolution, preexplosion images obtained by the Hubble Space Telescope (HST) and other large facilities. The detected progenitors of type IIP supernovae indicate that they come from red supergiants (e.g. Smartt (2009) and references therein). For the type IIb supernovae, the situation is not very clear. Massive stars in close binary systems experiencing strong mass transfer (Podsiadlowski et al. 1993) , or very massive single stars with strong stellar winds (Heger et al. 2003) are considered as potential progenitors of type IIb events. The progenitor system of SN 1993J was identified as a K0Ia star (Filippenko, Matheson & Ho 1993) in a binary system, with an early B-supergiant companion (Maund & Smartt 2009 ). Similarly, an interacting binary system, with a slightly later companion star (late B through late F), was suggested as the progenitor of SN 2001ig (Ryder, Murrowood & Stathakis 2006) . A source, coinciding with the position of SN 2008ax was identified in pre-explosion HST images (Li et al. 2008 . However, its interpretation as the progenitor is ambiguous. Crockett et al. (2008) have explored the possibility of (i) the progenitor being a single massive star that lost most of its hydrogen envelope through radiatively driven mass loss processes, before exploding as a helium-rich Wolf -Rayet star, or (ii) a stripped star in an interacting binary in a low mass cluster. The [Ca II]/[O I] ratio in nebular spectra of SN 2008ax, however, is more consistent with the low mass binary scenario (Taubenberger et al. 2011) .
A new supernova was discovered by A. Riou on 2011 June 1.893 in the nearby galaxy M51 (Griga et al. 2011) . Images of the galaxy obtained on May 31.893 also showed the supernova, but, no object was visible at the position of the supernova in the images of May 30. The Palomar Transient Factory (PTF) independently discovered the supernova on 2011 June 1.19 (Silverman, Filippenko & Cenko 2011) , while the PTF observations of May 31.275 do not show the supernova. These observations reduce the uncertainty on the date of explosion to better than 0.6 days . Based on the earliest spectrum of 2011 June 3, the supernova was classified as a young type II supernova (Silverman, Filippenko & Cenko 2011 , Yamanaka et al. 2011 . Arcavi et al. (2011a) noticed the similarity between the spectrum of SN 2011dh and the type IIb events SN 1993J and SN 2008ax , and suggested SN 2011dh was possibly a type IIb event. Further observations on June 12 and 16 by Marion et al. (2011) in the infra-red showed the presence of He I features consistent with its classification as a type IIb event. SN 2011dh has been followed extensively in a wide wavelength range, from the radio to the X-rays. It was detected at 86 GHz just three days after its discovery, by the Combined Array for Research in Millimeter-wave Astronomy (CARMA) ) and has been followed with VLBI (Marti-Vidal et al. 2011, Bietenholz et al. 2012 ) and EVLA over the first 100 days of its evolution . SN 2011dh was also detected in the X-rays by the Swift/X-ray Telescope (XRT) ∼ 3 days after the explosion, and has subsequently been followed with both Swift and Chandra. A multi-wavelength study of SN 2011dh spanning the radio, milimeter, X-ray and gamma-ray bands during the first few seconds to weeks following the explosion is presented by Soderberg et al. (2012) . Maund et al. (2011) have presented the optical photometric and spectroscopic data of SN 2011dh during the first 50 days after explosion, while photometric data covering the first ∼ 300 days after explosion, with a preliminary light curve modelling, have been presented by Tsvetkov et al. (2012) .
The reddening in the Milky Way in the direction of M51 is E(B − V ) gal = 0.035 mag (Schlegel, Finkbeiner & Davis 1998) . High resolution spectroscopy of SN 2011dh did not show any narrow lines due to interstellar medium in the host galaxy, except the Na ID doublet due to the interstellar medium in the Milky Way , Ritchey & Wallerstein 2012 , indicating low extinction within the host galaxy. Hence, E(B − V ) = 0.035 mag is adopted as total reddening.
A search for the progenitor star in the archival preexplosion HST images obtained with the Advanced Camera for Survey led to the detection of a luminous star at the position of the supernova (Van Dyk et al. 2011 , Maund et al. 2011 , Murphy et al. 2011 ), but its nature and association with the supernova remains controversial. The SED of this candidate progenitor star was found to be consistent with an F8 supergiant, but with a higher luminosity and a more extended radius than a normal supergiant (Van Dyk et al. 2011 , Maund et al. 2011 . Maund et al. (2011) and Van Dyk et al. (2011) estimate the initial mass of this proposed progenitor to be MZAMS ∼ 15 − 20 M⊙. The observed early optical, radio and X-ray observations of SN 2011dh , Van Dyk et al. 2011 ) and the re-analyses of the HST images with an improved distance to M51 ) all point toward a compact progenitor, while hydrodynamical modelling suggests that a large progenitor star with radius ∼ 200 R⊙ is required to reproduce the early light curve (Bersten et al. 2012) . The association of the yellow supergiant with SN 2011dh needs further exploration. Benvenuto, Bersten & Nomoto (2013) explored the possibility of the existence of such a star in a close binary system by performing binary stellar evolution calculations and arrived at the conclusion that a close binary system of solar composition stars with masses of 16 M⊙ + 10 M⊙ could lead to the evolution of the donor star into a yellow supergiant consistent with the candidate progenitor detected in the HST images.
In this paper we present a detailed analysis of optical photometry in U , B, V , R, and I bands and medium resolution spectroscopy of SN 2011dh during the first one year after the explosion, obtained with the 2m Himalayan Chandra Telescope of the Indian Astronomical Observatory, Hanle, India. All the imaging data were pre-processed in the standard way using various tasks available within IRAF 1 . Instrumental magnitudes of the standard stars were obtained using aperture photometry, with an optimal aperture, which is usually 3-4 times the full width half maximum (FWHM) of the stellar profile, determined using the aperture growth curve. Aperture correction between the optimal aperture and an aperture close to the FWHM of the stellar profile that had the maximum signal-to-noise ratio was determined using the bright stars in the field and then applied to the fainter ones. Correction for atmospheric extinction was made using the average extinction values for the site (Stalin et al. 2008) , and the average colour terms for the system were used to determine the photometric zero points on individual nights. These were then used to calibrate a sequence of local standards in the supernova field (marked in Figure 1 ) observed on the same nights as the standard fields. The U , B, V , R and I magnitudes of the secondary standards, averaged over four nights are listed in Table 1 . The errors reported with the magnitudes are the standard deviation of the standard magnitudes obtained on the four nights. The magnitudes of the secondary standards obtained using the two separate observing runs, during 2005-2006 and 2011 , are in good agreement. Further, we have four secondary standards in common with Pastorello et al. (2009) . The average of the absolute value of difference between our magnitudes and those reported by Pastorello et al. (2009) The supernova is located at the edge of outer spiral arm, 138 ′′ east and 92 ′′ south of the nucleus of M51. During the brighter phase, profile fitting photometry of the supernova is not contaminated much by the underlying galaxy background. However, as the supernova dimmed, profile fitting photometry overestimated the supernova flux, and the photometric precision also degraded. Hence, host galaxy templates in different bands, selected from amongst the best frames of SN 2005cs observations, were used for a more accurate subtraction of the host galaxy background. The magnitudes of the secondary standards in the supernova frames and those of supernova in the templated-subtracted frames were obtained using aperture photometry. The nightto-night zero-points were determined using the stars identified as local standards in the supernova field and the supernova magnitudes were calibrated differentially with respect to the local standards. The estimated supernova magnitudes in U , B, V , R and I bands are listed in Table 2 . The errors on the magnitudes were estimated by adding in quadrature the errors associated with nightly photometric zero points, and the fitting errors as computed by IRAF.
Spectroscopy
Medium resolution optical spectra of SN 2011dh were obtained on 20 epochs. The spectra were obtained using grism Gr#7 (wavelength range 3500 − 7800Å) and Gr#8 (wavelength range 5200 − 9250Å) available with the HFOSC instrument. Our spectroscopic monitoring, which started on JD 245 5716 and continued till JD 245 6072, presents the spectral evolution from ∼ 3 days to ∼ 1 year after the explosion. A journal of spectroscopic observation is provided in Table 3 . Spectrophotometric standards Feige 34, Feige All spectra were reduced in the standard manner using various tasks available in IRAF. The two-dimensional spectral frames were bias corrected and flat-fielded, and the one dimensional spectra were extracted using the optimal extraction method (Horne 1986 ). Arc lamp spectra were used for applying wavelength calibration. The bright night sky emission lines were used to cross check the wavelength calibration, and whenever required, small shifts were applied to the observed spectra. Instrumental response was corrected using the spectra of spectrophotometric standard stars observed during the same night. On some nights, when spectrophotometric standard stars could not be observed, spectra of standard stars observed on nearby nights were used for the correction. The flux calibrated spectra in the blue and red regions were combined after proper scaling to get the final spectrum on a relative flux scale. The spectra were then brought to an absolute flux scale using zero points determined from broad-band U BV RI magnitudes. The supernova spectra were then corrected for the host galaxy redshift z =0.002 and dereddened for a total reddening of E(B − V ) = 0.035 mag. The telluric lines have not been removed from the spectra due to the absence of a template hot star spectrum with a good signal-to-noise ratio.
RESULTS

Photometric results
Light curves
The light curves of SN 2011dh in U , B, V , R and I bands are presented in Figure 2 . The observed supernova magnitudes were used to obtain photometric parameters of SN 2011dh in different bands, and are listed in Table 4 . The maximum in B-band occurred on JD 245 5732.60±0.35, at an apparent magnitude of 13.388 ± 0.022. The maximum in U -band occurred ∼ 4 days before the B-band maximum, whereas the maximum in the V , R and I bands occurred ∼ 1, 1.5 and 3.3 days, respectively, after B maximum. The date of maximum and peak magnitudes in different bands are reported by Tsvetkov et al (2012) . Except for the U -band, where our estimate of JD maximum differs by ∼ 1.5 days, our estimates of the date of maximum and peak observed magnitudes are consistent with those of Tsvetkov et al. (2012) . A reddening of E(B − V ) = 0.035 mag, and a distance of 8.4 ± 0.7 Mpc ) are used in obtaining the peak ab- solute magnitudes of SN 2011dh. The errors in the absolute magnitudes have been arrived at by using uncertainties in the peak magnitude and the distance modulus of the host galaxy. The rise time to maximum in different bands is also listed in Table 4 . The rise time of SN 2011dh in different bands is very similar to that of SN 2008ax (Pastorello et al. 2008 , Taubenberger et al. 2011 . Light curves of SN 2011dh are compared with those of type IIb supernovae 2008ax (Pastorello et al. 2008 , Taubenberger et al. 2011 ), 1993J (Lewis et al. 1994 , Barbon et al. 1995 ), 1996cb (Qui et al. 1999 ) and the type Ib SN 1999ex (Stritzinger et al. 2002) in Figures 3 and 4 . Figure 3 shows the evolution of the light curves during the first 100 days after explosion and Figure 4 shows the light curve evolution beyond 100 days after explosion. The observed magnitudes of the supernovae have been normalized to their respective peak magnitudes and shifted in time to the epoch of maximum brightness in B-band. The light curves of SN 2011dh in the B and V bands are very similar to those of SNe 2008ax, 1999ex and 1993J. The decline in magnitude within 15 days from the date of maximum (∆m15), for the B, V , R and I bands is estimated to be ∆m15 ( The slope of the light curve in the B, V , R and I bands during ∼ 60 − 100 is estimated to be 1.09±0.15, 1.76±0.04, 2.16±0.05 and 1.90±0.05 mag (100 day) −1 , respectively. A change in the slope is noticed in all the bands during days ∼ 170 − 360. The B and V light curves show a steepening, with the slope being 1.71±0.13 mag (100 day) −1 in the B and 1.83±0.11 mag (100 day) −1 in the V . On the other hand, the R and I light curves show a flattening with the slope being 1.51±0.05 mag (100 day) −1 in R and 1.70±0.06 mag (100 day)
−1 in I. The steepening of the B and V light curves could be an indication of early dust formation.
A comparison of late time decline rate of SN 2011dh
with that of SN 2008ax shows that except for the I-band, in which SN 2008ax declines faster, the late phase decline rates of SN 2011dh and SN 2008ax are very close (Taubenberger et al. 2011) . Using the available data of SN 1993J, the late phase decline rate, during 100 -300 days past explosion, is estimated as 1.39, 1.71, 1.49 and 1.87 mag (100 day)
−1 in B, V , R and I bands, respectively. This indicates SN 2011dh declines faster than SN 1993J (see also Figure  4 ).
Colour curves
The colour curves of SN 2011dh along with supernovae 2008ax, 1996cb, 1993J and 1999ex pared to the other stripped envelope core-collapse supernovae used in comparison. A similar trend is seen in the (R − I) colour also, though not very significant. An additional reddening E(B − V ) of ∼ 0.35 is required to bring the (B − V ) and (V − R) colours of SN 2011dh close to those of other supernovae. High resolution spectroscopy of SN 2011dh does not reveal presence of any absorbing system within the host galaxy, implying insignificant reddening within the host galaxy. The other possibilty is that supernova SN 2011dh is intrinsically redder. A blackbody fit to the spectrum obtained ∼ 3 days after explosion gives a temperature of ∼ 7600 K , which is lower than that expected, at similar epochs, from the explosion of a Red Super Giant. Arcavi et al. (2011) have argued that the sharp decline in the g band light curve during the first two days after explosion also needs a much lower temperature. It thus appears that the observed redder colour of SN 2011dh is due to its lower temperature and not because of excess reddening within the host galaxy.
3.1.3 Absolute magnitude, bolometric light curve and mass of 56 N i
The V -band peak absolute magnitudes of SN 2011dh estimated adopting reddening E(B − V ) = 0.035 mag and distance 8.4±0.7 Mpc ) is −17.123 ± 0.18 mag. The peak absolute magnitude of SN 2011dh is ∼ 1 mag fainter than the mean peak absolute magnitudes of the entire sample of stripped-envelope CCSNe and is ∼ 0.3 mag fainter than the type IIb sample (Richardson, Branch & Baron 2006) . It is fainter than the absolute peak V magnitude of some other well studied type Milisavljevic et al. 2012) . It shows that type IIb supernovae represent an inhomogeneous class in terms of peak V -band magnitude, with a wide spread, of more than 2 mag. The absolute V -band light curve of SN 2011dh is plotted along with some well studied stripped envelope core collapse supernovae in Figure 6 . in general, the light curves of type IIb SNe decline with a rate faster than the decline rate expected from the decay of 56 Co → 56 Fe (0.98 mag (100 day) −1 ), indicating the γ-rays produced in the decay may not be completely trapped by the supernova ejecta.
Quasi bolometric light curve of SN 2011dh is ob- tained using the observed U BV RI magnitudes corrected for reddening, and converted to their respective monochromatic flux using the zero points provided by Bessell, Castelli, & Plez (1998) . The bolometric fluxes are derived by fitting a spline curve to the U, B, V, R and I fluxes and integrating over the wavelength range 3100Å to 10600Å determined by the response of the filters used for observations. We have observations in the U -band till November 19, and hence the contribution from U -band is included in the bolometric light curve till November 19 only. There are a few nights when we do not have observations in either the U , B or I bands. For estimating bolometric flux, the magnitudes of the missing bands, on these nights, were estimated by interpolating the observed magnitudes of the neighbouring nights. The quasi bolometric light curve of SN 2011dh alongwith the bolometric light curves of type IIb SN 2008ax and SN 1993J is plotted in Figure  7 . The quasi bolometric light curves of SN 2008ax is constructed using the published U, B, V, R and I magnitudes, (Pastorello et al. 2008 , Taubenberger et al. 2011 ) in a manner similar to SN 2011dh. The bolometric light curve of SN 1993J was taken from Lewis et al. (1994) , which includes optical and NIR data. The total reddening for SN 2008ax is taken as E(B − V )=0.4 mag (Taubenberger et al. 2011 ) and distance of 9.6 Mpc (Pastorello et al. 2008 ) is used. The rise to maximum and subsequent evolution of the quasi bolometric light curve of SN 2011dh is similar to the other type IIb supernovae in comparison. However, SN 2011dh is fainter than both SN 2008ax and SN 1993J. The mass of 56 Ni required to power the quasi bolometric light curve can be estimated using Arnett's rule (Arnett 1982) . Under the assumption that the radioactivity powers the light curve and at maximum light, most of the energy released by radioactivity is still being trapped and thermalized, the peak radiated luminosity is comparable to instantaneous rate of energy release of radioactive decay of 56 Ni synthesized during the explosion. The simplified form of Arnett's rule is expressed as
where, α is the ratio of bolometric to radioactivity luminosity (near unity) and S is the radioactivity luminosity per unit nickel mass, evaluated at rise time tR (Nugent et al. 1995) . In the case of SN 2011dh, the explosion date has been well constrained to better than 0.6 days between the first detection on May 31.893 and last non-detection on May 31.275 . The date of explosion can be taken as a mean of these two dates. The photometry reported in section 3.1.1 and Fe chain is estimated using the analytical formula by Nadyozhin (1994) . It is found that the energy deposition rate corresponding to mass of 56 Ni as 0.070 M⊙ fits the early post-maximum decline of the observed quasi bolometric light curve of SN 2011dh. Vinko et al. (2004) provide a simple analytic model to fit the observed bolometric light curve of supernovae. This model takes into account the energy deposition due to γ-rays produced in the decay chain 56 Ni→ 56 Co→ 56 Fe and due to positrons. We fit the early post-maximum decline phase (< 30 days after maximum) of the observed bolometric light curve following the formulation by Vinko et al., to estimate the mass of 56 Ni. For the total ejected mass of ∼ 2 M⊙ (Bersten et al. 2012 ) and the expansion velocity of the ejecta as inferred from Fe II lines, the optical depth for γ-rays and positrons during the early post-maximum decline phase is found to be high and the probability of γ-rays and positrons to escape from the ejecta is very low. Under the assumption that the diffusion time is short, mass of 56 Ni is estimated by approximating the energy emitted per second (i.e. bolometric luminosity) to the rate of the energy deposition at different times. A 56 Ni mass of 0.067±0.013 M⊙ is found to fit the early post-maximum decline of the quasi bolometric light curve.
The light curve of supernovae at late phases is powered by the 56 Co → 56 Fe decay. If all the γ-rays produced by the decay are trapped in the supernova ejecta, the exponential tail of the bolometric light curve during the nebular phase can also be used to constrain the mass of 56 Ni produced in the explosion (Hamuy 2003 It is to be noted here that while calculating the bolometric light curve of SN 2011dh, contribution due to missing bands in ultra-violet and infra-red has not been taken into account. In the case of SN 1993J Wada & Uneo (1997) have shown that before the second maximum, the flux emitted in J-band was ∼ 8% of the total flux from U to J-band, and was ∼ 15% after the second maximum. The black body fit to the photometric data shows that the photospheric temperature of SN 1993J close to maximum light was ∼ 8200 K (Lewis et al. 1994) . Richmond et al. (1994) have estimated the fraction of total blackbody flux emitted in the U BV RI bands and shown it to be ∼ 70% at a blackbody temperature of ∼ 8000 K. For SN 2008ax, the UV contribution to the pseudo-bolometric light curve is always less than ∼ 15%, and at the time of maximum it is less than ∼ 10% (Taubenberger et al. 2011) . In a recent paper, Marion et al. (2013) show that in the case of SN 2011dh the NIR contribution at peak is ∼ 35%, and increases to ∼ 52% by day 34. After accounting for the missing NIR band flux, the peak bolometric flux of SN 2011dh is 1.711× 10 42 erg sec −1 and the mass of 56 Ni is 0.084 M⊙. The inclusion of missing NIR flux to quasi bolometric flux leads to 56 Ni mass of 0.095 M⊙ and 0.091 M⊙, using Nadyozhin (1994) and Vinko et al. (2004) formulation, respectively.
Spectroscopic results
Pre-maximum spectral evolution
The pre-maximum spectra of SN 2011dh obtained ∼ 3 and 6 days after explosion are shown in Figure 8 . The spectrum of day 3 shows a blue continuum that drops below ∼ 5000Å. The prominent noticable features in the first spectrum are the broad P-Cygni absorption of Hα and absorptions due to Hβ and Hγ, Ca II H&K and NIR triplet. To identify the other features seen in the spectrum, the observed spectrum is compared with the synthetic spectrum generated using SYN++.
SYN++ is a rewrite of the parameterized spectrum synthesis code SYNOW, with a new structured input control file format and with more complete atomic data files (Thomas, Nugent & Meza 2011) . The basic assumption of SYNOW includes spherically symmetric and homologously expanding ejecta (v ∝ r), local thermodynamic equilibrium (LTE) for level populations and resonant scattering line formation above a sharp photosphere emitting a blackbody continuum. The line formation is treated using the Sobolev approximation (Sobolev 1957 , Jeffery & Branch 1990 ). The optical depth τ of the strongest line is a free fitting parameter and optical depths of other lines of the same ion are determined assuming Boltzmann equilibrium at excitation temperature Texc. A detailed description of SYNOW has been presented in Fisher (2000) and Branch et al. (2002) .
The synthetic spectra for days 3 and 6 are plotted with the observed spectra in Figure 8 . The main species required to produce the observed features have been marked. The synthetic spectrum of day 3 has a blackbody continuum temperature T bb = 7500 K, similar to Arcavi et al. (2011), and photospheric velocity v ph = 12000 km sec −1 . The hydrogen line is detached from the photosphere with a minimum velocity vmin = 15000 km sec −1 . All other lines are undetached. The Hβ and Hγ absorptions are fit reasonably well with vmin = 15000 km sec −1 and vmax = 23000 km sec −1 . However, it is difficult to fit the broad absorption of Hα probably due to the LTE and resonance scattering assumptions of SYN++, or due to blend of Hα with other features. Barbon et al. (1995) in their study of SN 1993J attribute the broadness of the Hα absorption to a blend of Hα with Fe II lines, while Elmhamdi et al. (2006) suggest it to be a combination of Hα and Si II in the case of SN 2000H. The broad Hα profile, on the other hand, is interpreted as due to two components of hydrogen with different velocities in the case of SN 2011ei by Milisavljevic et al. (2012) . We have explored the possibility of two components of hydrogen to fit the broad Hα absorption, and find that it does not fit well. A combination of Hα and Si II also does not fit this feature well (see Figure 8) , indicating the requirement of a more detailed modelling. The prominent absorption feature seen at ∼ 5500Å is usually attributed to He I 5876Å and Na ID 5890, 5896Å lines (Pastorello et al. 2008 , Milisavljevic et al. 2012 ). Since we do not find signature of other lines due to He I, the absorption is most likely due to Na ID alone.
The spectrum of day 6 (6 June) is very similar to the first spectrum. The absorption lines have become sharper and stronger. A synthetic spectrum, with a photospheric temperature T bb = 6500 K and photospheric velocity v ph = 10000 km sec −1 matches the observed spectrum well. In this case also, hydrogen line is detached from the photosphere with a minimum velocity vmin = 12,000 km sec −1 . The same species used to produce the synthetic spectrum corresponding to the day 3 spectrum have been used.
Early post-maximum spectral evolution
We had a big gap in spectral monitoring and our next spectrum could be obtained only on 2011 June 19, corresponding to the maximum in B-band, ∼ 19.3 days after the explosion. This spectrum together with two other spectra of nearby epochs have been shown in Figure 9 . In the spectrum of 19 June, a notch is seen in the emission component of Hα, giving it a double peaked appearance. This is due to the emergence of the He I 6678Å feature. The P-Cygni features from other He I lines 5876Å and 7065Å are clearly identified in this spectrum. The expansion velocity of Hα is ∼ 12800 km sec −1 and that of He I 5876Å is ∼ 7300 km sec −1 . The spectrum indicates the supernova has already entered into a phase wherein the lines due to He I become prominent. The onset of this phase occurred sometime between 6 June and 19 June. Marion et al. (2011) have reported non detection of helium lines in the NIR spectrum of SN 2011dh obtained on 8 June, weak evidence of helium in the spectrum obtained on 12 June and an unambiguous detection of helium lines at 10800Å and 20581Å in the spectrum obtained on June 16. A weak evidence of He I 5876Å and 6678Å lines was also indicated by them in the optical spectrum of 12 June, while these lines were clearly seen in their spectrum obtained on 14 June. Thus, the He I lines developed in the spectrum of SN 2011dh ∼ 13 days after the explosion. This is similar to SN 2008ax, in which the He I lines are found to emerge in the NIR spectra at ∼ 11 days after explosion (Taubenberger et al. 2011) .
The next two spectra obtained on 20 June and 27 June are very similar to that of 19 June. The He I lines become stronger. In the spectrum of 27 June, [O I] 5577Å line starts appearing.
The spectra of 19 June and 27 June were modelled with the SYN++ code. The synthetic spectra have been plotted with the observed spectra in Figure 9 . The spectrum of 19 June is computed with T bb = 6500 K and v ph = 7000 km sec −1 , while that of 27 June is computed with T bb = 4800 K and v ph = 6300 km sec −1 . The main features have been identified and are marked in the figure. Hydrogen and He both are detached from the photosphere with vmin of 10,000 km sec −1 and 7500 km sec −1 , respectively. The broad absorption of Hα is still not well reproduced, however, Si II helps to improve the fit. Hβ line is fit well, Hγ gets blended with Fe II lines. Other narrow Fe II lines are well reproduced. Introduction of Sc II (lines at 5527Å and 5661Å) is required to produce the two weak troughs blueward of He I 5876Å absorption. In the red region of the spectrum, lines due to O I, Mg II and Ca II are well reproduced. Figure 10 shows the spectrum of SN 2011dh close to B maximum, together with the spectra of other type IIb supernovae (obtained from SUSPECT archive) at a similar epoch. The lines due to helium are seen in the spectrum of all the supernovae, although with varying strength. The He I 5876Å line is well developed in all the supernovae. He I 6678Å has just started appearing in SN 2011dh and SN 1993J, it is stronger in SN 2008ax, while it is not seen in the spectrum of SN 2003bg and SN 2001ig. There is a strong similarity between spectra of SN 2011dh and SN 1993J, the strengths of Hα and He I 5876Å are similar in both the objects. SN 2011dh has the strongest Ca II NIR feature. At ∼ 30 days after explosion, the strengths of Hα and the He I 5876Å line were comparable in the spectrum of SN 2008ax (Pastorello et al. 2008) , while, Hα is found to be stronger than He I 5876 in the spectrum of SN 2011dh at ∼ 27 days after explosion.
Transitional phase
The spectra of SN 2011dh during ∼ 41 to ∼ 99 days after explosion are shown in Figure 11 . A considerable evolution is seen in the spectrum during this period. 6300, 6363 is seen, while the Hα absorption has completely disappeared. The He I lines at 5876, 6678 and 7065 start weakening, the absorption component of Ca II NIR triplet becomes weaker, and the spectrum appears to be dominated by emission lines. Synthetic spectra modelled with the SYN++ code is also plotted in Figure 11 , alongwith the observed spectra. There is not much evolution seen in the photospheric velocity and the photospheric temperature during this phase. The synthetic spectrum of 11 July has T bb = 4300 K and v phot = 4500 km sec −1 . Hydrogen is still detached from the photosphere with vmin = 10, 500 km sec −1 , whereas helium is now undetached. The absorption blueward of Hα can be fit with Ba II 6142 and 6496Å lines. The synthetic spectrum which fits the observed spectrum of 7 September has a very similar blackbody temperature and photospheric velocity as that of 11 July, but no hydrogen.
The spectrum of SN 2011dh ∼ 60 days after explosion is compared with other type IIb supernovae in Figure 12 . The overall appearance of the day 63 spectrum of SN 2011dh is very similar to the day 59 spectrum of SN 1993J. In the spectra of all the objects shown in the Figure, the He I 5876Å absorption is strong, but the absorption due to Hα has a varying strength. In SN 2011dh and SN 1993J the Hα absorption is narrow and sharp, SN 2003bg and SN 2001ig still show broad, strong absorption, and in SN 2008ax it is almost negligible. In SN 2009mg, Oates et al. (2012) have shown that the Hα absorption was considerably strong ∼ 60 days after explosion, and completely disappeared by ∼ 110 days spectrum. In SN 1996cb a narrow Hα absorption was seen till day 107, and nearly vanish by day 114 (Qui et al.  1999) .
The transition from a hydrogen dominated early phase spectra to He dominated late phase spectra is the character- istic feature of type IIb supernovae. This can be interpreted as the presence of a thin envelope of hydrogen at the time of explosion of the progenitor star. However, it appears that the exact amount of hydrogen the progenitors retain at the time of explosion differs significantly from object to object and mass of H envelope may play a key role in the photometric and spectroscopic evolution of these objects. The observed features of the light curve of SN 1993J are well reproduced by the explosion of a red supergiant whose H/He envelope mass has been decreased below ∼ 0.9 M⊙ (Shigeyama et al. 1994) . Woosley et al. (1994) arrived at the mass of hydrogen envelope as 0.2±0.05 M⊙. Using the late time spectra, Houck & Fransson (1996) 
Nebular phase
The next set of spectra were obtained when the supernova reappeared in the night sky, on ten occasions, during 2011 November 20 to 2012 May 24. These spectra are shown in Figure 13 . The He I lines, which were prominent in the spectra obtained until 2011 September 7, are totally absent. Instead, the spectra are dominated by emission lines of Mg I] , is seen in all the late phase spectra presented here.
In Figure 14 , the spectrum of SN 2011dh ∼ 6 months (Patat, Chugai & Mazzali 1995) , and at least some part of the flux could arise from Hα scattering (Houck & Fransson 1996) also. The spectrum of SN 2011dh obtained around ∼ 340 days after explosion is plotted alongwith the spectra of other well studied type IIb supernovae in Figure 15 The exact mechanism producing the late time Hα emission is not clearly known. However, the possible processes which can explain the late time Hα emission are -ionization of hydrogen by radioactivity and/or by the X-rays emitted due to the ejecta-wind interaction. For different objects, either of the two mechanisms may be operational. In SN 1993J, this feature was interpreted as due to Hα emission from a shell of hydrogen, possibly excited by interaction with a dense circumstellar medium (Patat, Chugai & Mazzali 1995 , Houck & Fransson 1996 . The observed late phase Hα emission in SN 2007Y was attributed to shock interaction by Stritzinger et al. (2009 ), but, Chevalier & Soderberg (2010 proposed that the circumstellar density of SN 2007Y was too weak to produce the observed Hα luminosity through shock interaction, and hence radioactivity alone was the source for ionization of hydrogen. Taubenberger et al. (2011) have shown that the shock-wave interaction mechanism for late Hα emission from SN 2008ax faces serious problem in explaining the observed shape and velocity of the nebular Hα emission. An alternative mechanism in which a right combination of mixing and clumping of hydrogen and helium, ionized by radioactive energy deposition has been shown to be able to reproduce the observed Hα emission in the late phase (Maurer et al. 2010) . Radio emission has been detected from SN 2011dh at a very early stage. It was detected at 86 GHz by the CARMA Radio Telescope ∼ 3 days after discovery and at 22 GHz ∼ 14 days after discovery (Marti-Vidal et al. 2011 ). This early phase radio emission is consistent with a non-thermal synchrotron self absorbed spectrum of optical photons . SN 2011dh was monitored in the radio during late phases also with the VLBI. Based on these data a time averaged expansion velocity of the forward shock was estimated as 21000 ± 7000 km sec −1 (Bietenholz et al. 2012) . The observed X-ray emission from SN 2011dh gives a strong indication of the presence of circumstellar material, as the Xray emission can be interpreted as due to the interaction of the blast wave with its surrounding circumstellar medium (Campana & Immler 2012) . Based on the evidence for the presence of circumstellar material, and the high expansion velocity of forward shock, it appears that shock-wave inter- −1 is seen in the late time spectra of many stripped-envelope core-collapse supernovae , Milisavljevic et al. 2010 , Maeda et al. 2008 , and is interpreted as due to asphericity in the explosion with preferred viewing angle, as spherical explosion can not produce the double peaked [O I] lines. However, Maurer et al. (2010) (Figure 17) shows that it starts with ∼ 17500 km sec −1 and flattens at ∼ 12000 km sec −1 after day 25, which looks consistent with the model suggested by Maurer et al. (2010) . The spectra beyond day 173 show the emergence of Hα emission, which could be responsible for redward asymmetry of [O I] profile ( Figures 13, 14 and 15) . However, spectropolarimetric observation and detailed modelling are required to differentiate between asphericity and Hα as the cause of the double peak asymmetric profile.
Expansion velocity of the ejecta
Expansion velocity of the ejecta has been measured from the minima of P-Cygni profiles of relatively isolated lines, e.g. Hα, Hβ, He I 5876Å and Fe II 5169Å. For measuring the velocities, the absorption component of the P-Cygni profile was fitted with a Gaussian. The estimated line velocities are plotted in Figure 17 . The expansion velocity of Hα declines from ∼ 17500 km sec −1 at ∼ 3 days after explosion to ∼ 12000 km sec −1 ∼ 19 days after explosion, and then remains almost constant. The Ca II H&K and Ca II NIR lines also show a similar trend, they decline from an initial velocity of ∼ 14000 km sec −1 to ∼ 10000 km sec −1 , ∼ 19 days after explosion, and remains almost constant thereafter. The expansion velocity of the ejecta measured using weak, unblended lines such as Fe II 5169Å, is often considered a good tracer of the photospheric velocity. The Fe II 5169 line velocity in SN 2011dh has an initial value of ∼ 10000 km sec −1 that declines until ∼ 40 days after explosion, and then flattens at ∼ 4500 km sec −1 . We do not find much evolution in the velocity of the He I 5876Å line, which shows a marginal increase from an initial value of ∼ 7000 km sec −1 to ∼ 8000 km sec −1 and remains almost constant at this value. The measured expansion velocity ∼ 20 days after explosion, shows three different representative velocities -the Hα line shows a higher velocity at ∼ 12000 km sec −1 , the Ca II H&K and Ca II NIR triplet lines are at ∼ 10000 km sec −1 and the Fe II line is at ∼ 7000 km sec −1 . The velocity stratification becomes more prominent beyond day 40, with the Hα velocity being around 11000 km sec −1 , the He I 5876Å and the Ca II H&K and Ca II NIR triplet at ∼ 8500 km sec −1 and the Fe II 5169Å line at a lower velocity of ∼ 4500 km sec −1 . Assuming the supernova ejecta expands homologously, the three velocity groups indicate the ejecta to have three layers. The outermost layer is made of a thin hydrogen layer moving with high velocity, the intermediate, denser layer consists of Ca and probably He, and the innermost high density core consisting of Fe and other heavy species is moving with lower velocity. A similar stratification of H and He layers is confirmed by spectral modelling of SN 2003bg , where the weaker Balmer lines level off at a velocity of ∼ 10000 km sec −1 and He I lines level off at a lower velocity ∼ 7000 km sec −1 . In Figure 18 the measured line velocities of SN 2011dh are plotted with those of SN 1993J, SN 2003bg and SN 2008ax . The photospheric velocity as measured using the Fe II line and the helium layer velocity are very similar in all the supernovae. However, differences are seen in the Balmer line velocities. SN 2008ax and SN 2003bg have higher velocities, with the velocity at ∼ 40 days being ∼ 13500 km sec −1 , SN 2011dh at ∼ 12000 km sec −1 is intermediate, and SN 1993J has the lowest at ∼ 9500 km sec −1 . A similar trend is seen in the evolution of the Hβ line velocity also. This may be related to the mass of the hydrogen envelope at the time of explosion, and the explosion energy. Iwamoto et al. (1997) have shown that for type IIb supernovae, the minimum velocity of hydrogen depends mainly on the mass of the hydrogen envelope. This indicates that the mass of hydrogen envelope in SN 2011dh is between SN 1993J (0.2 to 0.9 M⊙) and SN 2003bg (0.05 M⊙). The estimate of hydrogen envelope mass of 0.1 M⊙ in SN 2011dh by Bersten et al. (2012) agrees with this.
Oxygen mass and [Ca II]/[O I] ratio
The nebular spectra of stripped envelope core-collapse supernovae can be used to estimate mass of oxygen which is an indicator of the mass of the progenitor. Uomoto (1986) has shown that in the high density limit (Ne 10 6 cm −3 ), the minimum mass of oxygen required to produce the observed [O I] emission can be esimated using the relation line in the nebular spectra shows that the temperature in the oxygen emitting region is low and the limit of flux ratio [O I] 5577/6300-6364 can be assumed to be 0.1. In this limit, the emitting region will be either at high density (Ne 10 6 cm −3 ) and low temperature (T4 0.4) or at low density (Ne 10 6 cm −3 ) and high temperature (T4 = 1.0) (Maeda et al. 2007) . For the few well studied type Ib supernovae, during the nebular phase, the oxygen emitting region is usually found to be of high density and low temperature (Leibundgut et al. 1991 , Elmhamdi et al. 2004 , Schlegel & Kirshner 1989 . Using the observed flux of 1.03 × 10 −13 erg sec (Begelman & Sarazin 1986) . Hence, it is appropriate to consider that some oxygen lies in an ionized form and the estimated mass of oxygen 0.22 M⊙ is a lower limit of total mass of oxygen ejected during the explosion.
The estimate of mass of oxygen obtained, using a similar methodology, for some type Ib/c supernovae indicates that it varies from ∼ 0.3 -1.35 M⊙ (Elmhamdi et al. 2004 ). For SN 2007Y, Stritzinger et al. (2009) have shown that in their model an oxygen mass of 0.2 M⊙ reproduces the observed late time spectrum. Specifially, for type IIb events, Houck & Fransson (1996) arrived at an oxygen mass of ∼ 0.5 M⊙ for SN 1993J by modelling the late time spectra, whereas modelling of early and late time spectra of SN 2003bg led Mazzali et al. (2009) to an oxygen mass estimate of 1.3 M⊙. The mass of oxygen derived by modelling the late time spectra of SN 2001ig is ∼ 0.8 M⊙ (Silverman et al. 2009 ). The oxygen mass estimated for SN 2011dh is smaller as compared to the well studied type IIb events SN 1993J, SN 2003bg, and is similar to the mass ejected in the explosion of SN 2007Y.
Oxygen is ejected mostly from the oxygen layer formed during the hydrostatic burning phase, and so, the mass of oxygen ejected is very sensitive to the main sequence mass of the progenitor. Thielemann, Nomoto & Hashimoto (1996) have made explosive nucleosynthesis calculation and predicted major nucleosynthesis yields for the progenitor mass of 13 -25 M⊙. They have shown that mass of ejected oxygen is 0.22, 0.43, 1.48 and 3.0 M⊙ for progenitor mass of 13, 15, 20 and 25 M⊙, respectively. Nomoto et al. (2006) have calculated nucleosynthesis yields of core-collapse supernovae and hypernovae models for 13 -40 M⊙ progenitor stars for various explosion energies and progenitor metallicity. For core-collapse supernovae of a progenitor mass 13 M⊙, with the explosion energy of 1 × 10 51 ergs and metallicity Z = 0, 0.001, 0.004 and 0.02, the mass of oxygen ejected in the explosion is 0.45, 0.50, 0.39 and 0.22 M⊙, respectively. For similar explosion energy and metallicity range, the mass of oxygen for a progenitor star of 15 M⊙ is 0.77, 0.29, 0.29 and 0.16 M⊙. The abundance analysis of H II regions in M51 by Bresolin et al. (2004) has revealed that the O/H abundance is below the solar value for most of the H II regions studied. H II regions #53, #54 and #55 of Bresolin et al. (2004) are close to the location where SN 2011dh occurred. The measured 12 + log(O/H) values for these regions varies between 8.49 to 8.66 (considering the solar value as 8.69). It shows that the metallicity of the nearby H II regions is close to few tenths of that of solar. Assuming that the metallicity at the supernova location is similar to the nearby H II regions, the mass of the ejected oxygen estimated using the oxygen flux in the late time spectra, indicates the progenitor of SN 2011dh to be a low-mass star of ∼ 13 -15 M⊙. The progenitor of a type IIb supernova can be either a single massive star that had gone to Wolf-Rayet phase after losing most of its hydrogen rich envelope before explosion, or it can be a less massive star in a binary system, being stripped off its hydrogen envelope during interaction with the binary component. The inferred lower mass of the progenitor suggests that the progenitor of SN 2011dh was likely a member of a binary system like the progenitor of SN 1993J (Podsiadlowski et al. 1993 , Maund & Smartt 2009 ) and SN 2008ax (Roming et al. 2009 , Taubenberger et al. 2011 .
Fransson & Chevalier (1989) Bersten et al. (2012) have computed hydrodynamical models based on evolutionary progenitors and shown that the early light curve of SN 2011dh can be reproduced with a large progenitor star with radius ∼ 200 R⊙. In their modelling, based on the bolometric light curve and measured photospheric expansion velocity, mass of the ejecta, explosion energy and mass of 56 Ni was constrained to be ∼ 2 M⊙, 6 − 10 × 10 50 erg and 0.06 M⊙, respectively. An explosion of a progenitor star with a He core of 3 to 4 M⊙ and a thin hydrogen rich envelope of ∼ 0.1 M⊙ can lead to SN 2011dh like event. The progenitor star appears to be in a binary system with the main sequence mass between 12 − 15 M⊙. Benvenuto, Bersten & Nomoto (2013) have shown that evolution of a binary system with 16 M⊙ + 10 M⊙, and an initial period of 125 days, appears compatible with the pre-SN observations of SN 2011dh, and predicted that the yellow super giant star detected in the pre-SN images could be the potential progenitor candidate. Our direct estimates of mass of 56 Ni using the bolometric light curve, and property of the progenitor inferred using the mass of oxygen ejected in the explosion, the [Ca II]/[O I] ratio in the nebular phase and mass of hydrogen envelope are in very good agreement with the binary models.
CONCLUSIONS
In this paper, we present optical photometry in U BV RI bands and medium resolution spectroscopy of the type IIb supernova SN 2011dh in nearby galaxy M51, during 3 days to one year after the explosion. SN 2011dh reached a peak absolute B magnitude of MB = −16.378 ± 0.18 with a rise time of 19.6 ± 0.5 days. With an absolute V peak magnitude of MV = −17.123 ± 0.18, SN 2011dh is ∼ 0.3 magnitude fainter than the mean absolute magnitude of a sample of type IIb supernovae. The initial decline in magnitude within 15 days from the date of maximum (∆m15) in the B and V bands is found to be similar to those of SN 1993J and SN 2008ax. In the late phase, between days 170 to 360, a steepening is seen in the B-band light curve, while the R and I bands show a flattening. This indicates the possibility of dust formation. The colour evolution shows that the (B −V ) and (V − R) colours of SN 2011dh are always redder as compared to those of other stripped envelope core-collapse supernovae, which could be because of lower temperature of the supernova. Simple analytic fits to the bolometric light curve of indicate that ∼ 0.09 M⊙ of 56 Ni was synthesized in the explosion.
The early spectral evolution of SN 2011dh shows prominent P-Cygni absorption due to Balmer lines of hydrogen, the Hα absorption line is seen in the spectrum till ∼ 60 days after explosion. The He I lines start appearing in the spectrum much before the maximum in B-band. Synthetic spectra have been computed using the SYN++ code and the main features in the spectra have been identified. The early photospheric temperature estimated at ∼ 7500 K is cooler than the estimates for other SNe IIb, indicating a more conducive condition for early dust formation 
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